This study aims to delineate the effects of distinct solvents on the structural stability of thermoalkalophilic lipases. Bacillus thermocatenulatus lipase (BTL2) was selected as the representative of this isolated family which has great potential for industrial applications owing to their catalytic ability under extreme conditions. The molecular impact of solvents on thermostability was analyzed through molecular dynamics simulations performed at different temperatures. Both lipase conformations representing the active and inactive forms were simulated in 5 distinct solvents (ethanol, methanol, water, cyclohexane, and toluene). Results suggested polar solvents including water, methanol and ethanol leads to enhanced fluctuations in the lid portion of the lipase, suggesting that a more dynamic equilibrium between active and inactive conformations in the presence of polar solvents at low temperatures. Contrary to this observation, reduced flexibility was observed in the presence of non-polar organic solvents.
INTRODUCTION
Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are group of enzymes acting on carboxylic ester bonds, by either breaking or forming it. They catalyze a wide range of chemical reactions including hydrolysis and synthesis of esters and transesterification reactions. [1] [2] [3] Owing to the versatility of the reactions that can be catalyzed by lipases, they carry paramount potential for industrial applications such as oleochemistry, biofuel production, and pharmaceuticals. [4] [5] [6] [7] Despite such catalytic advantages offered by lipases, harsh conditions often encountered in industrial processes, particularly elevated temperatures and high susceptibility to organic solvents, may limit the application of lipases. Given their nature, proteins are generally unstable at high temperatures and in the presence of organic solvents and thus they may tend to undergo denaturation under such harsh conditions. [8] Nevertheless this paradigm is valid for most of proteins, studies over the past 25 years have changed the concept of protein instability at high temperatures and in organic solvents. [9, 10] Specifically, some of the enzymes including lipases can become stabilized in non-standard solvents such as organic solvents. For example, a pancreatic lipase was reported to have a half-life of several hours at 100°C and in organic solvents while it becomes denatured only within few seconds in aqueous medium. [11] Designing lipase variants with optimal stabilities for industrial processes requires a complete understanding of the molecular mechanism behind thermal and organic solvent stability.
Although numerous studies have investigated thermal stability of lipase thermoalkalophilic lipases, the molecular machinery behind the organic solvent stability of this lipase family or whether there is a link between organic solvent and thermostability still remains elusive. [12] [13] [14] Particularly, discovery of any molecular links between thermal and organic solvent stability might ameliorate the rational design process, leading to the design of highly stable thermoalkalophilic lipase variants at elevated temperatures and in organic solvents.
In our study, we combined both theoretical and experimental approaches to understand how different organic solvents affect the structure and residual activity of the lipase originating from the microbial species Bacillus thermocatenulatus (BTL2) in silico and in vitro respectively. BTL2, due to being a representative for the thermoalkalophilic lipase family is a good candidate for prospective industrial applications owing to its high selectivity for drug precursors. [15] For the computational studies, we have allocated both of the conformations representing the active form (PDB ID: 2w22) [16] and the inactive form (PDB ID: 1ku0) [17] of thermoalkalophilic lipases. Both of the conformations were analyzed in water, polar and non-polar solvents (ethanol, methanol, toluene and cyclohexane) and at low, high temperatures by using molecular dynamics (MD) simulations. The comprehensive MD analysis provided us with the structural changes contributing to organic solvent stability at high temperatures. In the experimental work, the impact of 6 different solvents (ethanol, methanol, toluene, cyclohexane, acetone, and 2-propanol) on the residual activity of BTL2 was analyzed at varying concentrations and different temperatures. Comparing the experimental results with the insights gained from (MD) simulations, provided us with a better understanding of the behavior of lipases in different organic solvents. The results obtained by this study shed light on the organic solvent stability of thermoalkalophilic lipases at elevated temperatures reflecting the importance of computational methods for understanding protein stability and activity at extreme conditions.
MATERIAL AND METHODS

Structure preparation.
The open (PDB ID: 2w22) and closed (PDB ID: 1ku0) conformations of thermoalkalophilic lipases were retrieved from the protein databank (PDB). [16, 17] Prior to simulations, the water molecules were removed from the structure, whereas the metal ions, Zn +2 and Ca +2 were kept. The open and closed conformations were solvated with water, ethanol, methanol, toluene or cyclohexane. The solvent molecules were located at least 2 Å apart from each other and the protein was placed at the center of the box. [18] The solvation box dimensions were 45 Å in each direction (x, y, z) and the protein was located at least 10 Å from the box walls.
Molecular dynamic simulations. The resulting systems of open and closed lipase structures in
5 different solvents were fully energy minimized using steepest-descent algorithm and equilibrated by both NVT and NPT molecular dynamics simulations for which NAMD algorithm was used. [19] Briefly, 40000 minimization steps and 0.25 ns NVT equilibration were performed for the system while the protein was fixed to relax the solvent molecules. The same steps were repeated for the whole system without fixing the protein. Following another 40000 energy minimization steps, an NPT equilibration simulation was performed for the whole system until stable RMSD pattern was obtained of the protein backbone structure. Using CHARM 36 all atom force with map correction, all the simulations were carried out with 2fs time-step and applied periodic boundary conditions in all dimensions. [20, 21] The simulations were performed for 100 ns at 310K and at 450 K using Langevin piston pressure method and Langevin dynamics temperature. [22] The particle-mesh Ewald (PME) method was used in the calculation of the electrostatic interactions with 12 Å non-bonded cutoff. [23] Data Analysis. The trajectories were analyzed by means of backbone RMSD, carbon alpha fluctuations, atom distances and dihedral angles for which Visual Molecular Dynamics (VMD) plugins were used. For visualization of the structures and the trajectories, VMD is used. [24] Expression and purification of BTL2 lipase. As a representative of the thermoalkalophilic lipase family, the lipase originating from Bacilllus thermocatenulatus lipase (BTL2) was chosen. For expression of the native lipases, a modified auto-induction procedure was applied [25] . Escherichia coli cells BL21 (DE3) were transformed with the pMCSG7 plasmid harboring the 1161 bp fragment encoding the native BTL2 gene. [26] The cells were grown overnight on LB Agar plates containing 100 µg/ml ampicillin at 37 °C. Then, a single colony was cultivated at 37° C in LB starter culture containing 100µg/ml ampicillin. The expression was carried out in 500 ml of Studier media (pH 7.0) supplemented with 100 µg/ml ampicillin at 30 °C with vigorous shaking (165 rpm) and lasted for 18 hours. Cells were harvested by centrifugation at 5800 rpm for 20 min and 4°C.
Cell pellets were resuspended in 20 mM sodium phosphate buffer at pH 7.4 and the suspension was incubated at room temperature for 30 min with gentle shaking. The cells were lyzed mechanically by sonication on ice for 6 min with the pulse on for 15 s and off for 45 s. In order to remove the cell debris, the crude cell free extract was centrifuged at 10,000 × g for 45 min at 4°C. For purification, the clarified extract was loaded onto a 2-ml Nickel coated HisTrap™ column (Amersham Biosciences, UK). 20 mM sodium phosphate buffer containing 50 or 500 mM imidazole was used for binding and elution of the protein, respectively. The elution fractions were loaded onto a PD-10 desalting column (Amersham Biosciences, UK) for imidazole removal and buffer-exchange with sodium phosphate (50 mM, pH 7.5). The protein solution was concentrated to a final concentration of 2.50 mg/ml. The amount of protein was quantified using Bradford assay. [27] The expression and purification of lipase (BTL2) was confirmed by 12% SDS-PAGE gel.
Lipase assays.
A fluorescence activity assay was performed in a 96-well black micro-titer plate using 6 nM of the enzyme and 4-methylumbelliferyl butyrate as a substrate. The reaction buffer was 25 mM sodium phosphate at pH 7.00. The substrate fluorescence was measured using excitation wavelength of 355 nm and an emission wavelength of 460 nm. The measurements were made each 30 seconds for 1 h. The measurements were performed in triplicates and the initial velocities are calculated using SoftMaxPro Software. 600 nM of freshly prepared BTL2 were incubated in six different organic solvents (ethanol, methanol, acetone, 2-propanol, cyclohexane and toluene) at diffferent concentrations (0-90% v/v) for 30 min at 25 °C and in water, ethanol, and cyclohexane at different concentrations (25- 70% v/v) for 30 min at 60 °C. The activity of 6 nM of the incubated enzyme was measured as described in the previous section. All measurements were performed in triplicate. The error bars show the standard deviation of the mean.
RESULTS AND DISCUSSION
Lipase Simulations for Probing Molecular Impacts of Organic Solvents and High
Temperatures. Lipases maintain an equilibrium between two distinct conformations. In aqueous environment, the lid domain hinders the active site of the lipases, rendering them inactive. When it comes in physical contact with an oil droplet, the lid opens at the water lipid interfaces by adsorption of the lid domain onto the lipid interface. This process known as interfacial activation, is basically regulated by the structural rearrangements of the lid domain. [28] Although the size and composition of the lid domains differ among lipases, thermoalkalophilic lipases which comprise an isolated lipase family with high thermal and organic solvent stability possess a relatively large lid domain consisting of 2 α-helices (α6 and α7) spanning the amino acids from 177 to 245. [16] Apparently in this lipase family, lid opening requires an extensive structural movement for replacing 2 large helices covering the active site.
Thus in order to unravel the structural impact of organic solvent, it is crucial to acquire reliable 3D structures of both lipase conformations.
Owing to the high sequence conservation among the members of thermoalkalophilic lipases, all of the structures deposited in the protein databank (PDB) were investigated and fortunately, both of the lid conformations were found to be resolved in separate crystallization studies ( Fig.1 ). Bacillus stearothermophilus lipase (L1) were resolved in the closed state (PDB ID: 1ku0) while B. thermocatenulatus lipase (BTL2) were co-crystallized with substrate analogs in the open state (PDB ID: 2w22). [16, 17] Given the high sequence conservation between BTL2 and L1 (>90%), these structures are considered to be valid representations of the active and inactive conformations of thermoalkalophilic lipases respectively.
Both of the structures, active (2w22) and inactive (1ku0) forms, were analyzed by MD simulations. The simulations were performed at 310 K and at 450 K. However, the temperature of 450 K is an unrealistic experimental condition, such high temperature simulations were used to observe structural changes induced by elevated temperatures in relatively short time scales (ns) than those used in experimentations. Examples of such "out of range" high temperature simulations are abundant as they present a tradeoff between affordable time scales and extreme conditions. [29] [30] [31] A total of 20 different simulations were carried out for 100 ns to address the molecular behavior of thermoalkalophilic lipases leading to organic solvent and thermal stability. MD simulations revealed that the simulations showed a stabilized RMSD pattern for both of the open and closed states structures at 310 K, suggesting an equilibrium conformation for both states at 310 K (Fig. S1A) . As anticipated, 450 K simulations showed an increased RMSD pattern fluctuating ~3 Å for the last 20 ns period of the simulations (Fig. S1B ). Overall MD simulations indicated equilibration for both of the lipase conformations that were solvated by 5 different solvents and simulated at 2 different temperatures. Hence, we underline the applicability of the molecular dynamics simulations carried out here for inspecting the molecular behavior of lipase in response to changes in the physical environment.
Polar Solvents Enhance Lid Fluctuations regardless of the Conformation.
Both of the lipase structures were initially assessed by molecular dynamics simulations in 5 different solvents at 310 K in order to address the impact of organic solvents on the native structure. The equilibrated closed structures showed enhanced fluctuations for the lid domain spanning 170-245 in the presence of polar solvents including water, ethanol and methanol ( Fig. 2A) .
Exclusively, water led to the highest fluctuations which was followed by ethanol. Lastly methanol was the polar solvent with a slight increase in the fluctuations of the lid region.
Fluctuations of the open conformation was strikingly very similar to the closed state such that the lid portion became more flexible in the polar solvents ( Fig. 2A ). On the other hand, the non-polar solvents including toluene, cyclohexane and acetone led to a more rigid structure at 310 K regardless of the lid conformation ( Fig. 2A) .
These observations propose that the lid structure regardless of its lid conformation become more destabilized in the polar solvents while it stays intact in the non-polar solvent. In line with 
Non-polar Organic Solvents Potentiate Structural Stability at High Temperatures.
Molecular dynamics simulations at 450 K were analyzed to monitor thermal stability of lipase structure in the presence of organic solvents. RMSF profiles at 450K showed an increased mobility in polar solvents compared with the condition in non-polar solvents (Fig. 2B) . Here we note a striking difference between the final structures obtained from 450 K simulations of polar and non-polar solvents. Regardless of the lid conformation, 450 K simulations led to a large structural stabilization (thermal unfolding) of the lipase structures in the polar solvents, while the structure was intact in non-polar solvents throughout 100 ns of simulation (Fig. S1B ).
Resistance to unfolding in the non-polar solvents was likely to be resulted from reduced protein mobility in non-polar solvents (Fig. 2B ). On the other hand, polar solvents such as water included an early thermal unfolding, probably due to increased protein mobility compared with the behavior in non-polar solvents. [32, 33] Flexibility disparities between the polar and non-polar solvents can also be seen by the structural visualizations representing the last frame of the 100 ns trajectory (Fig. 3 ). Polar solvents led to large alterations in the overall globular structure regardless of the lid conformation. Further Cα fluctuations reached to much higher values in the presence of polar solvents ( Fig. 3C-E) . Another notable point is that open conformation was more stable in ethanol than it was in water or methanol (Fig.3C ). This behavior was also seen in the RMSD profile of ethanol which was similar to the polar solvents, particularly for the first period of the simulation (40 ns), while toward the end of simulation it showed a similar behavior to the non-polar solvents (Fig. S1B) . In ethanol the lipase structures displayed some behaviors characteristic to both polar and non-polar solvents.
Despite the polar nature of water, it did not produce similar results with ethanol. One of the possible reasons behind this observation would be the reactions induced in the presence of aqueous media such as Gln/Asn deamidation and peptide bond hydrolysis that are detrimental to enzyme stability. [34] Overall these results agree that the thermoalkalophilic lipase structure regardless of its lid conformation became stabilized in the presence of solvents of non-polar characteristics while they became destabilized in the presence of polar solvents with a notable exception in ethanol. The simulations performed at 310 K confirmed that all of 3 salt bridges were intact in all of the organic solvents throughout the entire simulation period, while they were slightly less persistent in water (Fig. 4A) . Disrupted salt bridge that is characteristic to the open lipase structure indicates that the open lipase lid tends to adapt the closed conformation. Hence, parallel to the noted increase in the lid fluctuations at 310 K in polar solvents ( Fig. 2A) , we surmise that among the polar solvents water was the one that enabled the most dynamic equilibrium between open to closed state. At 450 K, all of 3 interactions except Glu24:Lys208 were maintained in non-polar solvents while they were either completely or partially disrupted in the presence of polar solvents (Fig.   4B ). Particularly, the salt bridge Glu24:Lys208 was completely disrupted in water while Arg93:Asp210 interaction was only partially affected in all of the polar solvent (Fig. 4B) .
Polarity of the Solvent Mediates Structural Stability of
Lastly, the salt bridge (Asp 179: Arg142) was lost in water and methanol whilst it was intact in ethanol and the non-polar solvents (Fig. 4B) . As opposed to the observation in waterat 310 K (Fig. 4A) , the interaction between Glu24:Lys208 was largely separated in the presence of polar solvents, such that the distance reaching to values of 20-30 Å ( Fig 4B) . Here, we stress that such a large separation indicate thermal unfolding. This assertion was indeed supported by the RMSD measurements ( Fig. S1B ) and visual inspection of the lipase structure ( Fig. 3C-E) , all of which indicates thermal unfolding in the presence of polar organic solvents.
In addition to the salt bridges, we also monitored the catalytic machinery which is formed by a atalytic triad amino acids and an oxyanion hole. [16] The catalytic triad is formed by Ser114, Asp318, His359 in BTL2 and Ser113, Asp317, His358 in L1 and the oxyanion hole is formed by the amide groups of main chains of Phe17 and Gln115. In order to unravel the impact of organic solvents on the structural stability of the active site, we measured the radius of gyration of the catalytic machinery and distances between triad amino acids.
At 310K, regardless the lid conformation, the distances between catalytic triad amino acids and the compactness of the catalytic machinery were found unaffected by the organic solvents ( Fig.   5A and Fig. S2 ). We note that conclusions with RMSD, RMSF, salt bridge and structural visualizations. As such, the triad distances and radius of gyration of the catalytic machinery were found to be unchanged in the presence of non-polar organic solvent at 450 K while they became largely separated in the presence polar organic solvents ( Fig. 5B and Fig. S3 ), suggesting an unfolding in the presence of polar solvent. Given these comprehensive theoretical analyses, one would expect an improved structural stability in non-polar organic solvents than in water, particularly at elevated temperatures. 
Experiments Corroborate with the Simulations: Lipase Thermostability is Enhanced in Non-
polar Solvents. To validate the insights gained from MD simulations, we experimentally studied the effect of different organic solvents on the lipase activity at varying concentrations and temperatures. For this purpose, BTL2 gene harboring plasmid was expressed in E. coli and purified (Fig. S4 ). Recombinant BTL2 exhibited its maximum activity in 2-propanol and ethanol. As such the activity increased by 4.75 and 3.46 fold in 80% of 2-propanol and 70% of ethanol, respectively. These improvements were observed to be much less for acetone and methanol when compared with the rest of the polar solvents. BTL2 activity was increased by 1.66 and 1.72 folds in 40% methanol and 60% acetone, respectively. On the other hand, BTL2
activity was slightly decreased at high concentrations of ethanol and 2-propanol while high concentrations of acetone and methanol completely inactivated the enzyme. Such inhibitory effects of methanol and acetone, particularly at high concentration are likely to occur due to decreased solubility of the BTL2 since these two solvents lower protein solubility and often used for protein precipitation. [35] Furthermore, similar inhibitory effects of acetone on lipases were previously reported that it replenished the activity of a thermostable lipase from isolated from Bacillus sp. at concentrations higher than (60% v/v). [36] Notably, we observed that the Phe17 which is the sole residue that changes its conformation from open-to-close state by adapting an alternate side chain conformation (Δχ = 110°), [16] started to attain the closed conformation in the presence of methanol. On the other hand, polar solvents water and ethanol the side chain of Phe17 maintained its open conformer (Fig. 6 ). Hence, such inhibitory effect of methanol can be resulted from the altered Phe17 conformation which blocks the entrance to the active site. Generally, all the organic solvents were found to improve lipase activity until a specific concentration after which the activity either diminished or completely lost (Fig. 7A ). Ethanol and 2-proponal have folded the lipase activity up to 5 and 3 folds respectively. On the other hand, non-polar solvents did not make such a significant increase in the activity. Enzymes conserve some level of flexibility particularly at their active site for substrate binding and catalysis. [32, 33] Thus, it should be noted that polar solvents might be more advantageous than non-polar solvents to maintain a level of flexibility at low temperatures where atomic fluctuations are naturally low. Parallel with this assertion, we observed that the polar solvents remarkably enhanced the lipase activity at ambient temperatures (Fig. 7A ). Furthermore, lipases are unique enzymes that depart from conventional Michealis-Menten kinetics owing to the fact that they are solved at the same phase with their substrates. [37] Hence enhanced activity in organic solvents regardless of the polarity might be resulted from increased solubility of the substrates in organic solvents than in water. Toshi-Asakura et al. observed that organic solvents were found to stabilize hemoglobin at low concentrations, while the protein become denatured at high concentrations. Similar effects of organic solvents was reported also on sickle cell hemoglobin. [38] The behavior of lipase in non-polar solvents was also analyzed (Fig. 7A) . Lipase activity increased by 2.78 and 1.73 folds in 70% cyclohexane and 50% toluene, respectively. However, a severe drop was noted at the high concentrations of non-polar solvents. These lowered activity could be due to the high stiffness of the BTL2 in these solvent which may hamper the enzymatic activity. [39] As observed for the 310 K simulations the lipase structure regardless of the lid conformation maintained a rigid conformation in the non-polar organic solvents ( Fig.   2A ). High stiffness in the lipase structure along with reduced solubility of the lipase in nonpolar solvents might account for the diminished activity ( Fig. 7A ).
Aiming to understand the link between the organic solvents and thermostability, the residual activity was monitored upon incubation of the lipase in the presence of organic solvents at elevated temperature. It was noted that lipase restored higher activity when incubated in the presence of ethanol and cyclohexane than in water (Fig. 7B) . Ethanol increased the lipase activity by 4.89 folds at 25% but, no activity was observed at higher concentrations (50% and 70%) ( Fig. 7B ). Such high stability in ethanol was anticipated by the 450 K simulations which showed that the catalytic machinery of lipase was maintained in the presence of ethanol ( Fig.   5 and Fig. S3 ). One the other hand, heating up lipase at high concentrations of polar solvents such as ethanol and water led to enhanced flexibility and thus may impart in inducing protein unfolding. Such high flexibility was clearly seen in the RMSF profiles of the backbone atoms in the polar solvents at high temperatures ( Fig. 2B and Fig. 3 ). Cyclohexane on the other side improved lipase activity by 2.5 and 2.8 folds at 50% and 70%
(v/v), respectively and no denaturation or in activation was observed even at such high concentrations. These observations are consistent with our high temperature simulations results. Lipase regardless of its conformation was found to be very stable over all the simulation period and no unfolding was observed at such very elevated temperature (Fig. S1B ). Enhanced thermal stability of proteins in non-polar solvents was reported to be due to the high rigidity of anhydrous solvents and their inert nature. [40] Such a very high rigidity was seen clearly in the RMSF profile of lipase in non-polar solvents at 450K ( Fig. 2B and Fig.3A-B ). Another reason for this high stability could be due to the burial of the peptide bonds and the other polar side chains inside the protein structure protecting the folded globular form from the hydrophobic environment. [41] Harpaz et al. analyzed the contribution of buried residues to the overall stability of 108 different proteins. [42] Their results showed that polar group burial contributes favorably to protein stability more than the burial of non-polar groups. This explains the high compactness of lipase catalytic machinery in non-polar solvents seen during our high temperature simulations.
Overall, our findings provide molecular insights that can be useful in the rational design of stable lipases and thus in the optimization of the conditions of lipases in industry. These findings can also be adapted to other lipases especially in the lipase family I.5 and different enzyme groups. In conclusion, this study is an effort to explain a unifying perspective to lipase stability at extreme conditions with a guidance for protein engineering studies. 
